The goal of this study is to investigate the role of wave-current interaction in tidal inlet hydrodynamics. A quasi-3D nearshore community model, NearCoM-TVD, is used to simulate circulation and waves at New River Inlet, NC, USA. Model skill for waves and circulation is evaluated at about 30 locations throughout the inlet, including a recently dredged navigation channel, a shallower channel, a flood tidal delta, and ebb tidal deltas, for a range of flow conditions in May 2012. Model skills for flow velocity and wave height are high in the channels. The numerical model also captures the sharp transition between wave-dominated and tide-dominated flows near the ebb tidal deltas. Model results demonstrate that wave intensity plays an important role in circulation (vortex) generation near inlet entrances.
INTRODUCTION
Inlet hydrodynamics is critical to many coastal engineering applications. Due to complex interactions between tidal currents, waves, and bathymetry, highly (spatially and temporally) variable flows can be generated in an inlet system. Understanding these nonlinear processes and resulting morphological evolution can be a challenge, and a validated numerical model can be a useful tool for these purposes (Elias et al. 2006; Bertin et al. 2009; Malhadas et al. 2009; and Keshtpoor et al. 2014) .
Many prior studies have focused on the hydrodynamics of tidal inlets under the interaction between mean (tidal) currents and the bathymetry (de Swart and Zimmerman 2009 ). In the absence of waves, the leading order terms in the momentum balance are the horizontal pressure gradient and the bottom shear stress (Hench and Luettich 2003) . However, waves can dominate inlet processes via current-induced refraction and Doppler shifts, steepening of waves propagating into opposing currents, and enhanced roughness experienced by currents owing to the wave bottom boundary layer (Wolf and Prandle, 1999) . For example, recent studies at Katama Inlet, MA during Hurricane Irene (Orescanin et al., 2014) and at New River Inlet during Tropical Storm Alberto (Wargula et al., 2014) show the gradient of radiation stress induced by breaking waves can enhance landward-directed flows.
In this study, a numerical investigation on wave-current-bathymetry interactions at New River Inlet, NC, is carried out in conjunction with a multi-institutional field experimental campaign (MacMahan et al., 2014; Wargula et al., 2014; Rogowski et al., 2014) . A curvilinear nearshore circulation model, SHORECIRC (Svendsen et al. 2004) , has been adapted into a hybrid finitedifference/finite-volume, TVD-type scheme (Toro, 2009 ) and coupled with the wave-spectrum model SWAN (Booij et al. 1999) . The quasi-3D circulation model includes the effects of waves on the vertical structure of the currents based on theory (Putrevu & Svendsen, 1999) . The numerical model is fully parallelized with MPI and is suitable for long-term (months), large-scale [O(10~100) km] simulations. Conventional finite-difference schemes often produce unphysical oscillations when modeling coastal processes with abrupt changes or discontinuities, such as tidal bores, breaker zones, and moving shorelines. In contrast, the TVD-type finite volume scheme allows for robust treatment of discontinuities through the shock capturing mechanism. To demonstrate the capability of the newly developed model, NearCoM-TVD was verified and validated with several coastal applications . In particular, the modeled flow velocity through an idealized tidal inlet was compared with an analytical solution (Keulegan, 1967) . Furthermore, to evaluate the model's capability for applications with wave-current interaction, the modeled wave heights and current velocities over a shoals and rip channel system were compared with the measured data during a rip-current field experiment (MacMahan et al., 2010) . Here, NearCoM-TVD is applied to study hydrodynamics and sediment transport at New River Inlet, NC under the interaction of tides and waves. A comprehensive model skill assessment in different sections of the inlet system is presented for both significant wave height and circulation velocities. The numerical model is then used to study the flow patterns resulting from waves from different directions.
MODEL EQUATIONS
NearCoM-TVD (Shi et al. 2013; Chen et al. 2014) couples the spectral wave model SWAN (Booij et al. 1999 ) and a quasi-3D nearshore circulation model SHORECIRC (Svendsen et al. 2004) . SHORECIRC is a two-dimensional horizontal (2DH) model that incorporates the mixing effect COASTAL ENGINEERING 2014 2 induced by the vertical variation of wave-induced horizontal circulation. Similar to most of the river inlet systems in the southern part of North Carolina, fresh water discharge from New River is relatively low (Pilkey et al. 1998) . For this well-mixed coastal environment with negligible baroclinic gradients, the present quasi-3D model is shown to produce results similar to those of fully 3D circulation models (Haas and Warner, 2009 ).
The instantaneous horizontal velocity in Cartesian coordinates , is split into (Putrevu and Svendsen, 1999) (1) where = 1 is the east-westward direction and = 2 is the north-southward direction. , represent the turbulent velocity fluctuation, the wave velocity, the depth-averaged short-wave-averaged velocity, and the vertical variation of the short-wave-averaged velocity, respectively. The depth-averaged and short-wave-averaged velocity is defined by 'Lagrangian averaging' as (2) where is the instantaneous surface elevation and the total water depth , in which is the still water level and represents the wave-averaged surface elevation.
A coordinate transformation is performed between the Cartesian coordinates and the generalized curvilinear coordinates , and thus the contravariant components of the velocity vector can be expressed by (3) where the superscript represents the contravariant component of a vector, and subscript is the Cartesian component of a vector. To use the TVD numerical scheme, a conservative form of the equations is derived in generalized curvilinear coordinates, given by (4) (5) where J is the Jacobian determinant.
denotes the contravariant component of volume flux. In equation (5), all vector forcing terms are in Cartesian coordinates so there is no need to make a transformation for the second-order tensor.
represents the Cartesian components of the Coriolis force, i.e., , where is the Coriolis coefficient, is the south-northward velocity, and is the east-westward velocity. is the Cartesian component of radiation stress (LonguetHiggins, 1962 (LonguetHiggins, , 1964 , is the Cartesian component of bottom stress, and is wind stress (Van Dorn, 1953) , and ROT represents the remaining terms associated with diffusion, atmospheric pressure, and 3D dispersion (Shi et al. 2003) .
To lowest order, the equation governing the vertical structure of horizontal velocity is (6) where is the eddy viscosity and is a general form of the local forcing (see equation (31) in Putrevu and Svendsen, (1999) for details). The solution of depth variant current velocity is the same as that discussed previously (Shi et al. 2003 ). The bottom current velocity can be evaluated using and at (7) The bottom friction is enhanced by wave-current interactions owing to bottom boundary layer processes, and is not simply a linear sum of the wave-induced and current-induced friction. Many theories and models have been proposed to describe the nonlinear behavior of wave-current interaction (e.g., Grant and Madsen, 1979) . For the purpose of computational efficiency, a data-based method that had been used for fitting to theoretical models is applied (Soulsby et al., 1993) . The bottom friction under the interaction of currents and waves can be estimated by (8) where is the current-only bottom stress, is the wave-only bottom stress, and (9) with (10) and (11) where is the friction factor used to compute , and is the friction factor used to compute . As suggested previously (Soulsby 1997) , is calculated from an explicit formula (Swart 1974) , and can be obtained from the logarithmic velocity profile with a given roughness length , here assumed to be m. The fitting coefficients in (11) are , , , and and the coefficients of the analogous expressions for and can be found in Soulsby (1997) .
Model Setup
A multi-institutional field study of inlet dynamics was conducted at New River Inlet, NC in May 2012 (MacMahan et al., 2014; Wargula et al., 2014; Rogowski et al., 2014) . New River Inlet is located in the southeast of North Carolina. The inlet entrance ( Figure 1a ) includes a newly dredged channel (3<depth<10m), a shallower channel (depth < 3m), a flood tidal delta, and ebb tidal deltas on both sides and in the middle of the mouth. The bathymetry surveyed on 1 May 2012 covering the inlet and ebb tidal deltas is integrated with earlier, larger-scale surveys to provide the bathymetry used in the present numerical investigation. The model domain includes the inlet channels, the surf zone, the continental shelf, and the large lagoon area behind the inlet. The tidal constituents provided by the ADCIRC (Luettich et al. 1992 ) database are applied to the western, southern, and eastern open boundaries of the circulation model SHORECIRC. The ADCIRC database provides tidal phases and amplitudes of the M2, S2, N2, K2, O1, and K1 tidal constituents. The boundaries adjacent to the lagoons and the backbay area are closed. The significant wave height and peak period observed at NOAA station 41036 (25 m depth) are applied to the southern boundary of the spectral wave model SWAN. The mean wave direction observed by NOAA station 41109 (13 m depth) is used instead of that observed by NOAA station 41036 for which only 67% of data is available. Observed wind speed and direction measured near the inlet mouth also are used in the circulation and spectral wave models. The Coriolis parameter is calculated using the latitude of New River Inlet 34.10N.
Model Validation
The model results are compared with data from an array of colocated pressure gauges and current meters deployed along a newly dredged channel, a shallower channel, and ebb tidal deltas on both sides and in the middle of the river mouth (Wargula et al., 2014 ) (see Figure 1a for locations). To compare with modeled results, the current velocities measured with current profilers (at sensors S0, S1, S2, S3, S4, S5, S6, S7, S8, and S9) are depth-averaged. For the rest of the sensors, current velocities are measured at approximately 90 cm above the seafloor (not accounting for the erosion and accretion of the seafloor during the 1-month study).
The accuracy of the model predictions is assessed using the Wilmott skill (Wilmott, 1981) ,
where represents the sample size, is the variable being compared, is the sample mean, and the subscripts and represent the model result and observed data, respectively. To facilitate the discussion here, model skill greater than 0.6 is categorized as good (or very good when at a few locations exceeds 0.8), while model skill below 0.3 is considered poor. Fair model skill is in between 0.3 and 0.6 (0.3< <0.6).
In the following discussion, the model performance is assessed primarily based on the model skill . The RMS magnitude sometimes is referred to when the magnitude of the observed value is small. To understand the magnitude and distribution of the wave and circulation fields at different locations of the inlet, the RMS values for measured wave height or velocities are calculated by (13) The model skill at predicting wave heights is high for sensors located seaward of the surf zone (for example, see sensor S88 ( =0.77), S78 (0.76), S18 (0.91), S58 (0.70), S28 (0.71), and S68 (0.59) (Figure 1) ). Due to the effect of the ebb tidal jet, which will be discussed in the next section, the model skill is slightly lower at sensor S68 (0.3< <0.6, blue, Figure 1b) . The model also has good skill for sensors located in the surf zone of the south ebb tidal delta (for example, see S87 ( =0.87), S85 (0.70), S77 (0.77), S76 (0.82), and S90 (0.84) (Figure 1) ). Sensors S77 and S85 have slightly lower skill than S87, S76, and S90 because the model predicts less tidal modulation than is observed due to the complexity of wave-current interaction in the breaking zone. In the newly dredged deeper channel, model skill is good at sensors S6 ( =0.75), S5 (0.87), S4 (0.73), and S3 (0.60). Model skill is low in the region where the main channel makes a 90-degree turn (for example, see S2 (0.16), S1 (0.26), and S0 (0.14)). Model skill is higher in the outer channel than in the inner channel where wave amplitude is already small (observed RMS height below 0.05 m at S2, S1, and S0). Model skill is reasonably good in the shallower channel, for example, see S57 ( =0.76), S56 (0.82), S55 (0.87), and S54 (0.82). The lower skill values obtained at S52 (0.41), and S53 (0.65) are possibly owing to uncertainties in local bathymetry. The bathymetry around the flood tidal delta (the shallower area between S52 and S53) is not provided by the survey on the 1 May, 2012. Generally, the model predicts the observed wave heights skillfully.
The modeled east-westward velocity u and north-southward velocity v are compared with the measured velocities. In the newly dredged (deeper) channel, the overall model skill for east-westward velocity and north-southward velocity (shown in green in Figure 1c The numerical model predicts the phase and the magnitude of the velocity observed through the channel. In the shallower channel, model skill is good at sensor S26 (0.90/0.75), S54 (0.92/0.87), S55 (0.95/0.93), and S56 (0.93/0.93), but is lower at S57 (0.69/0.50) due to the interaction of waves with the tidal jet (Figure 1d ). The numerical model simulates accurately the observed velocity magnitude and phase at the mouth of the inlet in the shallower channel (S56, Figure 2 ). Similar to the wave prediction, model skill values are low near the bend in the inlet channel at S52 (0.68/0.23) and S53 (0.78/0.69) (Figure 1d ), possibly owing to the poorly resolved flood tidal delta. As an example of moderate model skill, modeled velocities and waves are compared with the measured values at S77 (0.67/0.86) (Figure 3) . Consistent with wave predictions, model skill for S77, located on the south ebb tidal delta near the inlet entrance, is lower due to the complexity of wavecurrent interaction in the breaking zone. Model skill also is lower near the north side of the entrance near sensor S15 (0.39/0.47) where the current magnitude is low (RMS velocity =0.16/0.10 m/s). Model skill also is low at S88 (0.58/0.64), S78 (0.45/0.66), S68 (0.64/0.42), S58 (0.55/0.43), and S28 (0.64/0.50) where current magnitudes are low, with RMS velocities around 0.05 m/s. It is more difficult to predict currents and waves at the two sides of the inlet entrance, for example, see S85 (0.49/0.6) and S15 (0.39/0.47). The model has better skill at sensor S26 (0.9/0.75), possibly because the model predicts the observed eddy structures. The simulated eddy structures on the two sides of inlet entrance will be discussed in the next section. Model skill varies spatially depending on the complexity of the interactions between currents, bathymetry, and waves. Overall, the predicted flow velocities and significant wave heights agree reasonably well with the measured data. (Figure 1a) versus time.
FLOW PATTERNS
The snapshots of model results on May 12 at maximum flood tide (01:00 am EDT) and maximum ebb tide (08:00 am EDT) near the inlet illustrate the flow patterns (Figire 4). May 12 is a period of spring tide (tidal amplitude 0.7 m) and mild wave conditions (offshore significant wave height is slightly below 1 m). During maximum flood (Figure 4a ), flow is funneled into the inlet due to the water level difference between the inlet and the open sea. Peak flow velocities in the deeper (southwestern) channel exceed 1.0 m/s in magnitude, while in the southwestern ebb tidal delta, peak flow intensity is around 0.4 m/s. During the maximum ebb (Figure 4b) , the instantaneous flow field shows the characteristics of an ebb tidal jet, with the strongest flow intensity (>1.5 m/s) in the channels. However, flows on the southwestern and northeastern ebb tidal deltas also are large. Near the inlet entrance where the deeper and the shallower channels are separated by the central ebb tidal delta, the tidal jet splits into two. The jet at the southwestern side of the inlet is stronger and wider than the jet in the northeast. During maximum ebb flow, this main jet can penetrate all the way through the surf zone to 8 m water depth or more. Slightly west of the jet, the ebb flow intensity is attenuated sharply near the outer edge of the southwestern ebb tidal delta. The weaker ebb tidal jet originating from the shallower channel is diverted farther northeastward in the alongshore direction. A weak circulation pattern is observed just off the northeastern shore (indicated by the box in Figure 4b ), possibly due to the interactions between currents and waves. The validated numerical model can be a useful tool to understand nearshore circulation patterns in a tidal inlet and to illustrate the role of wave-current interaction. To investigate the effect of waves, a numerical simulation of a spring-tide large-wave condition using the M2 tidal amplitude of May 12 and offshore waves (significant wave height 3m) from the southeast (similar to those observed by NOAA station 41036 at 14:50 pm EDT on May 26th during the tropical storm Alberto) was performed. Instantaneous flow fields were simulated for maximum flood and maximum ebb (Figure 5a and b) . Under a mild wave condition, the clock-wise circulation pattern in the northeastern shore is weak during maximum ebb flow (see the box in Figure 4b ). However, when waves become more energetic, this circulation pattern becomes pronounced throughout the entire tidal cycle (Figure 5a and b) . During the maximum ebb flow, the direction of the ebb tidal jet in the shallower (northeastern) channel is tilted northeastward, and feeds into the clockwise northeastern circulation. Hence, the simulations suggest circulation pattern in the northeastern shore is mainly caused by waves. In contrast, the flow through the deeper (southwestern) channel is relatively unaffected by the waves. To understand the effects of incident wave angle, the modeled instantaneous flow fields for waves from the southeast (Figure 5a,b) are compared with the flow fields for waves from the southwest (Figure 5c,d) . (Note that energetic waves incident from the southwest were observed during the North American storm complex on December 25-28, 2012, which produced both a tornado outbreak and a blizzard across the southern and eastern United States). During the maximum flood, more intense flood velocities are predicted in both channels and on the northeastern shoals when waves are incident from the southwest. Strong alongshore currents also can be observed near the northeastern and southwestern shores. During the maximum ebb flow, the direction of the ebb tidal jet also is tilted northeastward in the deeper (southwestern) channel adjacent to a more pronounce counter-clockwise circulation pattern in the southeastern shoals (Figure 5d ). These simulations suggest that wave direction plays a major role in the flow pattern near the ebb tidal deltas and adjacent shores. 
CONCLUSION
Hydrodynamics in New River Inlet, NC were studied using NearCoM-TVD (Shi et al. 2013; , which consists of a new version of the quasi-3D nearshore circulation model SHORECIRC (Svendsen et al. 2004 ) coupled with the spectral wave model SWAN (Booij et al. 1999 ). The numerical model is validated with data from 30 colocated wave gauges and current meters during a one-month long field experiment encompassing a range of tidal and wave conditions. The numerical model reproduces the observed flow patterns and magnitudes throughout the nearshore and the inlet, including along two channels and on the ebb tidal deltas. Specifically, model skill is high in the channels inland to the region where the main channel makes a 90-degree turn. The validated model is used to provide insights into the complex flow patterns of tidal inlet hydrodynamics. The simulated instantaneous flow field during spring tides and energetic waves demonstrates that waves play important roles in directing tidal flow near the mouth and generating circulation (vortex) patterns around the ebb tidal deltas and adjacent shores.
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